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SUMMARY , A  

i 
1. The anomolous e l e c t r i c a l  cu r ren t s  produced by the  urea-urease system 

have been t r aced  t o  inc reases  i n  pH r e s u l t i n g  from rapid  urea hydro lys is  

and t o  the  e f f e c t  of t h e  pH on oxid izable  impur i t i e s  i n  t h e  urease prep- 

a r a t i o n s .  The observat ions i n d i c a t e  t h a t  t h e r e  is l i t t l e  p o s s i b i l i t y  of 

any c u r r e n t  a r i s i n g  from intermediate  a c t i v a t e d  s u b s t r a t e  o r  subs t r a t e -  

enzyme complexes. 

2. Fur ther  s tudy  of t he  D-amino ac id  oxidase c e l l  has made it c l e a r  

t h a t  observed c u r r e n t s  a r e  der ived from the  e lec t rochemica l  ox ida t ion  of 

aromatic  pyruvate d e r i v a t i v e s .  

pyruvate  a r e  r e a d i l y  oxidized i n  the  eno l  form due t o  t h e i r  a b i l i t i e s  t o  

form quinones upon oxida t ion .  The rate of the-Bfectrochemical  ox ida t ion  

i s  l i m i t e d  by t h e  low concent ra t ion  of t h e  eno l  tautomer a t  t h e  optimal 

pH f o r  enzyme a c t i v i t y  and by t h e  slow rate of e q u i l i b r a t i o n  between 

t h e  tautomers.  These f a c t o r s  have i n t e r f e r e d  wi th  e f f o r t s  at boulometric 

de te rmina t ions  of e lec t rochemica l  y i e l d s .  

Indole-3-pyruvate and p-hydroxyphenyl 

3. Fur ther  e f f o r t s  toward de tec t ion  of any d i r e c t  e lec t rochemica l  

r e a c t i o n  of a reduced enzyme have been d i r e c t e d  t o  t h e  prepara t ion  of 

l a r g e  q u a n t i t i e s  of k r y s t a l l i n e  D-amino a c i d  oxidase and of a s u l f i t e -  

n i t r i t e  reductase .  Prepara t ion  of t hese  enzymes i n  q u a n t i t y  w i l l  permit 

t h e i r  use i n  t h e  e lec t rochemica l  c e l l  a t  concent ra t ions  s u i t a b l e  f o r  

observa t ion  of d i r e c t  p a r t i c i p a t i o n  i n  t h e  e l ec t rode  r eac t ion .  

4 .  Fur ther  s t u d i e s  of e lec t rochemica l  a c t i v i t y  of suspensions of i n t a c t  

micro-organisms and mitochondria confirmed the  lack of a c t i v i t y  i n  t h e  

absence of an in te rmedia te  e l e c t r o n  c a r r i e r  such as f e r r i cyan ide .  
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5. 

r ise  t o  much g r e a t e r  f l e x i b i l i t y  i n  enzyme tests. 

A new e lec t rochemica l  c e l l  has been f a b r i c a t e d  which should g ive  

6 .  

molecule i n  s tudying the  e f f e c t  of s i z e  and shape of a macromolecular 

ma t r ix  upon t h e  e lec t rochemica l  c h a r a c t e r i s t i c s  of a s p e c i f i c  redox 

p r o s t h e t i c  group. It is  expected tha t  information obta inable  from such 

a s tudy w i l l  be of considerable  value i n  determining t h e  f e a s i b i l i t y  of 

e f f i c i e n t  enzyme-electrode i n t e r a c t i o n s .  

An approach has been developed f o r  t h e  use of a v a r i a b l e  s y n t h e t i c  

7. Theore t i ca l  cons idera t ions  of the c u r r e n t s  t o  be expected f r m  

e f f i c i e n t ,  d i r e c t  enzyme-electrode r e a c t i o n s  have been presented .  Treat- 

ment of simple l i m i t i n g  case  f o r  an enzyme a t t ached  t o  an e l e c t r o d e  i n  

t h e  form of a monomolechlar l a y e r ,  neg lec t ing  d i f f u s i o n a l  f a c t o r s ,  i nd i -  

c a t e s  t h a t  maximal cur ren t  d e n s i t i e s  on the  order  of 5.0 rJamp/cm2 f o r  

an ox ida t ive  enzyme of normal s i z e  and turnover  number. a r e  ob ta inab le .  

0 
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SECTION 1 

INTRODUCTION 

The o b j e c t i v e s  of t h i s  program as o u t l i n e d  i n  previous q u a r t e r l y  

r e p o r t s  have been t o  c a r r y  out  a study of t h e  b a s i c  processes  involved i n  

t h e  gene ra t ion  of e l e c t r i c a l  energy by b i o l o g i c a l  systems. The approach 

which w a s  adopted w a s ,  f i r s t ,  t o  determine t h e  classes of b i o l o g i c a l  

systems capable  of e lec t rochemica l  a c t i v i t y .  These w e r e  then  t o  be sub jec t ed  

t o  d e t a i l e d  s tudy  i n  o r d e r  t o  def ine  t h e  s p e c i f i c  r e a c t i o n s  involved i n  the  

e lec t rochemica 1 pr  oces s . 
An a s s o c i a t e d  o b j e c t i v e  w a s  t o  s tudy t h e  more pragmatic a s p e c t s  

of t h e  genera t ion  of e l e c t r i c a l  energy by l i v i n g  b a c t e r i a l  systems. Par- 

t i c u l a r l y ,  i t  w a s  d e s i r e d  t o  examine f a c t o r s  such as t h e o r e t i c a l  e f f i c i e n c y  

of b i o e l e c t r o d e s  , t h e  performance of e l e c t r o d e s  w i t h  a t t ached  vs unat tached 

organism c u l t u r e s ,  and t h e  v i a b i l i t y  and growth of b a c t e r i a l  c u l t u r e s  i n  t h e  

presence of e l e c t r o d e s  . 
I n  accordance wi th  these  o b j e c t i v e s  t h e  f i r s t  two r e p o r t  pe r iods ,  

and p a r t  of t h e  present  per iod have been d i r e c t e d  t o  s tudy  of t h e  e l e c t r o -  

chemical a c t i v i t y  of a number of enzyme systems inc luding  D-amino a c i d  

oxidase ,  urease and glucose oxidase, e t c .  Also included were s t u d i e s  on 

several b a c t e r i a l  systems, bo th  at tached t o  t h e  electrode and suspended i n  

s o l u t i o n ,  inc luding  B. s u b t i l i s ,  Proteus v u l g a r i s ,  and suspensions of c e l l  

mitochondria.  A s  a consequence of t h i s  work, t h e  mechanisms of e l ec t r i ca l  

energy product ion by amino a c i d  oxidase and by urease  have been t r a c e d  

- 3- 



i n  cons iderable  d e t a i l .  F i n a l  resu l t s  on t h e s e  systems are presented  

i n  t h e  p re sen t  r e p o r t .  I n  t h e s e ,  and a l l  o the r  c a s e s  s tud ied  t o  d a t e ,  

t h e  mechanism appears  t o  involve f o r m a t i m  of low molecular weight 

e l e c t r o a c t i v e  substances as in te rmedia te  o r  f i n a l  products  of t h e  

r e a c t i o n  between the  b i o l o g i c a l  agent and i t  s u b s t r a t e .  It i s  these  

subs tances  which provide t h e  e l ec t rode  r e a c t i o n .  

Recent th inking  as t o  poss ib le  a p p l i c a t i o n s  of b io-e lec t rochemica l  

phenomena, inc luding  t h e  genera t ion  of p r a c t i c a l  q u a n t i t i e s  of e l e c t r i c a l  

power, i s ,  t o  an inc reas ing  degree,  encounter ing t h e  ques t ion  of d i r e c t  

p a r t i c i p a t i o n  of b i o l o g i c a l  macromolecules o r  b a c t e r i a l  c e l l s  i n  

oxida t ion- reduct ion  processes  a t  e l ec t rodes .  Accordingly,  i t  has  been 

decided t h a t  t h i s  program should place increased  emphasis upon determina- 

t i o n  of whether o r  not such d i r e c t  p a r t i c i p a t i o n  ever  occurs.  

The l a t t e r  p a r t  of t h e  present  r e p o r t  pe r iod  has  been devoted 

I n i t i a l  approach has been t o  d e f i n e ,  on t h e  p r imar i ly  t o  t h i s  problem. 

b a s i s  of t h e o r e t i c a l  cons idera t ions ,  t h e  cond i t ions  under which d i r e c t  

p a r t i c i p a t i o n  of b i o l o g i c a l  molecules might be observable .  Subsequent 

work w i l l  be  concerned w i t h  a t t e m p t s  t o  observe such p a r t i c i p a t i o n  under 

the  t h e o r e t i c a l l y  most promising condi t ions .  A pr&iising p a r t  of t h e  

program w i l l  be s tudy  of the e lec t rochemica l  behavior  of s y n t h e t i c  

macromolecules which correspond t o  b i o l o g i c a l  macromolecules i n  s i z e  

and s t r u c t u r e ,  but  which have a t tached  groups of known o x i d a t i m - r e d u c t i o n  

c h a r a c t e r  i s  t ics . 

-4-  



SECTION 2 

METHODS 

Procedures f o r  measurements i n  t h e  e lec t rochemica l  c e l l  have 

been descr ibed  previously.  I n  some of t h e  r ecen t  experiments,  p a r t i c u -  

l a r l y  those  involving coulometr ic  y i e l d ,  t he  Anat ro l  P o t e n t i o s t a t ,  

r a t h e r  than  t h e  manual p o t e n t i o s t a t ,  has been used. 

Bacterial  growth f o r  P.roteus v u l g a r i s  and B a c i l l u s  sub t  i l l s  

were t h e  same as previously descr ibed.  E. c o l i  c u l t u r e s  f o r  p repa ra t ion  

of s u l f i t e - n i t r i t e  r educ ta se  were prepared by adapt ing  s t r a i n  B t o  

growth on C medium (l), a medium containing only inorganic  sal ts  w i t h  

glucose as carbon source.  S u l f a t e  provided t h e  only source  of s u l f u r  i n  

order  t o  induce formation of t he  enzyme f o r  s u l f i t e  reduct ion .  Af t e r  

growing starter c u l t u r e s  i n  erlenmeyer f l a s k s ,  an 8 l i t e r  fermenter  w a s  

inocula ted  and b a c t e r i a  harves ted  a f t e r  18 t o  20 hours of growth a t  37O. 

The c e l l s  w e r e  c o l l e c t e d  i n  a continuous flow head of t h e  Lourdes Beta- 

fuge and washed once w i t h  d i s t i l l e d  w a t e r .  

l y o p h i l i z a t i o n  a f t e r  suspending i n  water and t h e  dry c e l l s  s t o r e d  u n t i l  

used f o r  enzyme prepara t ion  o r  f o r  e lec t rochemica l  i n v e s t i g a t i o n s .  

Enzyme p repa ra t ive  methods a r e  ind ica t ed  under t h e  appropr i a t e  s e c t i o n  

i n  Resul t s .  

The c e l l s  w e r e  d r i e d  by 

-5- 



SECTION 3 

ELECTROCHEMICAL STUDIES ON BIOLOGICAL SYSTEMS 

3.1 UREA-UREASE SYSTEM 

a. Exper imenta 1 

The urea-urease system has presented a r a t h e r  c o n s i s t e n t  

dilemma dur ing  t h e  ear l ier  i n v e s t i g a t i - n s  on t h i s  program. With b r i g h t  

plat inum e l e c t r o d e s ,  no oxida t ion  of ammonia could be observed under t h e  

normal cond i t ions  of pH (6.5 t o  9.0) .  This i s  ev iden t  i n  the  comparison - 
of t h e  p o l a r i z a t i o n  c u r v e s , f o r  bu f fe r  a lone  (tris b u f f e r  = tris 

(hydroxymethyl) aminomethane, 0 .1  M) a t  pH 9 and t h e  same buf fe r  conta in-  

ing 0.25 M ammonium n i t r a t e  (Figure 1). There i s  l i t t l e  s i g n i f i c a n t  

d i f f e r e n c e  i n  the  two curves.  Nevertheless ,  t h e  a c t i o n  of urease  on 

urea  r e s u l t e d  i n  an  augmented cur ren t  i n  t h e  e lec t rochemica l  c e l l .  

A s  demonstrated i n  t h e  previous q u a r t e r l y  r e p o r t ,  t h e  urease  

p repa ra t ions  are r e spons ib l e ,  i n  themselves,  f o r  a s i g n i f i c a n t  c u r r e n t .  

It was suspected t h a t  t h e  cu r ren t  i nc rease  dur ing  the  urea  hydro lys i s  

might be  due t o  t h e  e f f e c t  of t h e  r e a c t i o n  upon some of t h e  compoqents 

i n  the  enzyme p repa ra t ion  r a t h e r  than from r e a c t i o n  products .  The 

experiments below were designed t o  test t h i s  hypothes is .  

A p o l a r i z a t i o n  curve f o r  a urease-urea hydro lys i s  i s  given i n  

F igure  2.  Here t h e  r e a c t i o n  had been allowed t o  proceed f o r  ha l f  an  

- 6 -  
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hour which would g ive  t h e  opt imal  c u r r e n t ,  and almost complete hydro lys is .  

The r e a c t i o n  w a s  c a r r i e d  out i n  0.7 M phosphate b u f f e r  having an i n i t i a l  

pH of 6.5 but  a t  t h e  time the  curve w a s  made t h e  pH of the  mixture had 

changed t o  pH 7.4. The curve shown corresponds c l o s e l y  t o  those  given 

f o r  pH 9 tris buf fe r .  

The e f f e c t  of d i a l y s i s  upon t h e  e lec t rochemica l  behavior of 

commercial u rease  p repa ra t ions  is  shown i n  F igure  3 .  

6 . 6  mg/ml, w a s  d i a lysed  a g a i n s t  equal volumes of bu f fe r  and the  d i a lyz ing  

media as w e l l  as t h e  d i a lysed  enzyme were t e s t e d  f o r  e lec t rochemica l  

a c t i v i t y .  It i s  apparent  t h a t  a la rge  amount of e l ec t rochemica l ly  

a c t i v e  material ,  presumably of low molecular weight ,  w a s  a b l e  t o  pass  

through t h e  d i a lyz ing  membrane. Despite t h e  loss of a g r e a t  d e a l  of 

ox id i zab le  material, however, t h e  background cu r ren t  from t h e  enzyme 

remained high and t h e  a d d i t i o n  of urea t o  the  enzyme caused t h e  u s u a l  

i n c r e a s e  i n  cu r ren t .  

e f f e c t  on c u r r e n t  output.  

The enzyme s o l u t i o n ,  

Addit ion of urea t o  t h e  d i a lyz ing  media had no 

A comparison of ex ten t  of hydro lys is  w i t h  t h e  change i n  c u r r e n t  

i s  presented  i n  F igu re  4 .  The p a r a l l e l  of c u r r e n t  w i t h  degree of hydroly- 

sis i s  unmistakable.  

Another p a r a l l e l  w a s  found i n  t h e  comparison of pH change w i t h  

c u r r e n t  product ion i n  F igure  5. Despi te  having a r a t h e r  concent ra ted  

phosphate b u f f e r  i n  these  experiments,  i .e .  0.7 M ,  a l a r g e  change i n  pH 

occurs  and t h e  cu r ren t  rises i n  propor t ion  t o  t h e  change i n  pH. 

With urease  a lone ,  a d e l i b e r a t e  a d d i t i o n  of NaOH t o  t h e  s o l u t i o n ,  

s u f f i c i e n t  t o  cause a pH change similar t o  t h a t  found i n  t h e  normal 

r e a c t i o n  system, caused a s i m i l a r  r i se  i n  c u r r e n t  (Figure 6 ) .  

F i n a l l y ,  t he  e f f e c t  of a h ighly  concent ra ted  phosphate b u f f e r  

w a s  t e s t e d .  Using a 2 . 5  M phosphate b u f f e r ,  pH 6.5. ,  no change i n  cur -  

r e n t  w a s  found during t h e  r e a c t i o n  using t h e  normal propor t ions  of u r e a  

and urease.  

-9- 
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CONDITIONS: UREASE, CCMMERCIAL, 333 MG I N  50 ML. pH 6.5, 
0.1 M PHOSPHATE BUFFER, DIALYZED AGAINST 50 ML BUFFER TWICE, 
48 NR (A) AND 2.5 HRS (B) 30 ML OF DIALYZED ENZYME (U) OR 
DIALYZING MEDIA (A OR B) USED I N  ELECTROCHEMICAL CELL TESTS.  
450 MG UREA ADDED AT INDICATED POINTS. ANODE POTENTIAL 
0.6 V VERSUS SCE. 

U A DIALYZED UREASE 

A 0 F I R S T  D I A L Y S I S  MEDIUM 

B 0 SECOND D I A L Y S I S  MEDIUM 

I 

0 

I UREA ADDED 

0 20 40 60 

TIME (MINUTES) 

FIGURE 3 .  EFFECT OF DIALYSIS ON CURRENTS FROM COMMERCIAL UREASE 
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A s  i nd ica t ed  previous ly ,  t he  p u r i f i e d  c r y s t a l l i n e  urease  pre- 

pared a t  Aeronutronic a l s o  showed e lec t rochemica l  a c t i v i t y .  D i a l y s i s  

experiments i nd ica t ed  t h a t  t h e  a c t i v i t y  w a s  due almost e n t i r e l y  t o  a law 

molecular  weight material .  The material r e spons ib l e  w a s  probably 

2-mercapto-ethanol,  a reducing agent added t o  t h e  p repa ra t ions  i n  t h e  

late s t a g e s  of i s o l a t i o n  t o  ensure  complete a c t i v a t i o n  of t he  enzyme. 

Tests  of the  mercaptoethanol  demonstrated a high e lec t rochemica l  a c t i v i t y  

and s o l u t i o n s  of t h e  enzyme which were aged i n  open v i a l s  t o  a l low escape 

of v o l a t i l e  material soon l o s t  any r e s i d u a l  e lec t rochemica l  a c t i v i t y .  

b. Discussion 

The evidence above makes i t  apparent  t h a t  t h e  b a s i s  f o r  

i nc reased  cu r ren t  dur lzg  t h e  a c t i z n  cf u rease  upor? urea  i n  t h e  e l e c t r o -  

chemical c e l l  is t h e  increased  s u s c e p t i b i l i t y  t o  ox ida t ion  of material  

i n  t h e  enzyme p repa ra t ion  w i t h  increas ing  pH. Rates of hydro lys i s ,  

i n c r e a s e  i n  pH and c u r r e n t  increase  are a l l  p a r a l l e l .  When pH i s  con- 

t r o l l e d  wi th  very s t rong  b u f f e r s ,  no change i n  cu r ren t  occurs  dur ing  

t h e  hydro lys i s  of urea  by urease .  D i a l y s i s  experiments have demonstrated 

t h e  ex i s t ence ,  i n  commercial urease p repa ra t ions ,  of law molecular  weight ,  

e l ec t rochemica l ly  a c t i v e  material i n  s u b s t a n t i a l  q u a n t i t i e s .  

p u r i f i e d  p repa ra t ions  of u rease  give r ise  t o  l i t t l e  o r  n o  cu r ren t  w i t h  

o r  wi thout  t he  urea .  

Aged, 

The source of t h e  background c u r r e n t  i n  t h e  Commercial u rease  

i s  s t i l l  not  known al though t h e  background i n  f r e s h ,  c r y s t a l l i n e  u rease  

is probably due t o  the presence  of 2-mercaptoethanol which i s  used as an 

a c t i v a t o r .  A s u b s t a n t i a l  p a r t  of the  e l ec t rochemica l  a c t i v i t y  of t h e  

commercial enzyme i s  contained i n  low molecular  weight ,  d i a l y z a b l e  

components but  p a r t  of t h e  e lec t rochemica l  material  is  no t  removed from 

t h e  p r o t e i n  by d i a l y s i s .  I f  t h i s  cu r ren t  i s  due t o  ox ida t ion  of p r o t e i n  

molecules ,  i t  s t i l l  remains ve ry  dubious t h a t  t h e  u r e a s e ,  i t s e l f ,  i s  

r e spons ib l e  f o r  t h e  cu r ren t  no ted .  The a c t i v e  u rease ,  i n  t h e  commerical? 

mater ia l ,  c o n s t i t u t e s  less than  one hundredth of t h e  t o t a l  material present  

-13- 
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and would not  be l i k e l y  t o  provide a s u b s t a n t i g l  ou tput .  

use of commercial u rease  prepara t ions  i n  h igh  concent ra t ions  i n  c l o s e  

proximity t o  t h e  anode i n  a b io fue l  c e l l  would undoubtedly g ive  r ise t o  

spu r ious  c u r r e n t s  over a f a i r l y  long per iod  of t i m e .  

I n  any even t ,  

3 .2  THE D-AMINO ACID OXIDASE SYSTEM 

I n  t h e  previous q u a r t e r l y  r e p o r t ,  i t  w a s  shown t h a t  e l e c t r o -  

chemica l  a c t i v i t y  by t h i s  system i s  a consequence of t he  product ion of 

pyruvic  ac id  d e r i v a t i v e s  from c e r t a i n  (aromatic)  amino ac ids .  It w a s  

a l s o  shown t h a t  t h e s e  products  can e x i s t  i n  two tautomeric  forms of 

g r e a t l y  d i f f e r e n t  e lec t rochemica l  behavior.  Some a d d i t i o n a l  s t u d i e s  of 

t h i s  system have been c a r r i e d  out  during t h i s  r e p o r t  per iod ,  t o  f u r t h e r  

c l a r i f y  t h e  n a t u r e  of t h e  tautomeric  t ransformat ion .  

The t h r e e  aromatic pyruvates,  IPA, HPA and phenylpyruvate (PPA) 

a l l  have s t r u c t u r e s  which should favor  a s t a b l e  eno l  form as proposed 

f o r  IPA i n  t h e  previous r e p o r t .  Accordingly, spec t rophotometr ic  examina- 

t i o n  of HPA and PPA revea led  behavior very similar t o  t h a t  of IPA. The 

changes i n  abso rp t ion  s p e c t r a  shown i n  F igu res  8 ,  9 dnd 10 are c o n s i s t e n t  

w i t h  t h e  i n t e r p r e t a t i o n  t h a t  t he  pyruvate e x i s t s  i n  t h e  eno l  form i n  the  

c r y s t a l l i n e  s ta te  or  i n  organic  so lvents  and as t h e  k e t o  s t r u c t u r e  i n  

aqueous systems , p a r t i c u l a r l y  i n  bas ic  s o l u t i o n .  

It is  t h e r e f o r e  concluded t h a t  t h e  s a m e  type of tau tomer ic  

r e l a t i o n s  e x i s t  f o r  t h e  t h r e e  aromatic  pyruvic  a c i d s ,  IPA, HPA and PPA. 

However, only IPA and HPA appear t o  have a form which i s  h igh ly  active 

e lec t rochemica l ly .  Therefore ,  i t  cannot be  t h e  m e r e  ex i s t ence  of t h e  e n o l  

s t r u c t u r e  (o r  r e l a t e d  form) which p e r m i t s  t h e  ox ida t ion  of t h e  aromatic  

pyruvate .  Rather  i t  must be t h a t  t h e  e n o l  form l a b i l i z e s  another  p a r t  of 

t h e  molecule so  t h a t  ox ida t ion  becomes poss ib l e .  The only d i f f e r e n c e  

between PPA and HPA i s  t h e  ex i s t ence  of t h e  phenol ic  group i n  t h e  l a t te r .  

Thus, i t  is  easy t o  v i s u a l i z e  a mechanism whereby quinoid s t r u c t u r e s  may 

arise r e a d i l y  dur ing  o x i d a t i m  of t h e  HPA but n o t  s o  r e a d i l y  i n  t h e  PPA, 

- 14- 
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l ack ing  t h e  phenol group. 

s t r u c t u r e s  r e a d i l y .  It would seem probable ,  i f  t h e  p a r t i c i p a t i o n  of 

quinones were involved,  t h a t  t h e  anodic r e a c t i o n  may a c t u a l l y  be oxid iz -  

i n g  the  r i n g  s t r u c t u r e  of t h e  p y r w a t e s .  

IPA would a l s o  be capable  of forming quinoid  

Some a d d i t i o n a l  d a t a  showing the  e f f e c t  of va r ious  ions  and 

pH v a l u e s  upon t h e  ra te  of t ransformation from eno l  t o  k e t o  form i s  shown 

i n  F igure  10. Rates are a f f e c t e d  by pH, ion  concent ra t ion  and, t o  a 

lesser degree,  by t h e  s p e c i f i c  ion used a t  a g iven  pH and concent ra t ion .  

The e f f e c t  of t h e  tautomeric s h i f t  upon e lec t rochemica l  

a c t i v i t y  i s  shown by a p l o t  of c e l l  cu r ren t  vs time. Such a curve f o r  

indole-3-pyruvic a c i d  (IPA) i s  shmn i n  F igure  7. Although a h igh  

- i n i t i a l  cu r ren t  i s  obta ined  upon adding t h e  s o l i d  IPA t o  t h e  b u f f e r ,  t h e  

s h i f t  t o  t h e  less active tautomeric form r a p i d l y  reduces t h e  output  of 

t h e  ce l l .  It w a s  poss ib l e  t o  demonstrate t h a t  t h e  c u r r e n t ,  a t  a g iven  

t i m e  a f t e r  d i s s o l v i n g  t h e  IPA c r y s t a l s ,  w a s  almost i d e n t i c a l  whether t h e  

s o l u t i o n  had been s u b j e c t  t o  cont inua l  e lec t rochemica l  ox ida t ion .  o r  i t  

had been s tanding  i d l e  during t h e  same period.  The f a i l u r e  t o  o b t a i n  a 

s t r a i g h t  l i n e  curve f o r  log cu r ren t  vs .  t i m e  i n d i c a t e s  t h a t  t h e  e l e c t r o d e  

r e a c t i o n  is  no t  l i m i t e d  simply by d i f f u s i o n  and concen t r a t ion  of IPA. 

Thus, i t  i s  apparent  t h a t  t h e  r a t e  of tk tautomeric  s h i f t  and t h e  low 

concen t r a t ion  of t h e  e lec t rochemica l ly  a c t i v e  form are l i m i t i n g  t h e  rate 

of t h e  e lec t rochemica l  r e a c t i o n  r a t h e r  t han  d i f f u s i o n .  A similar r e l a t i o n  

i s  found wi th  p-hydroxyphenyl pyruvate (HPA). At t h e  opt imal  pH f o r  the  

enzyme r e a c t i o n ,  t he  equi l ibr ium i n  the  tautomeric  r e a c t i o n  f o r  bo th  IPA 

and HPA is f a r  i n  favor  of t he  tautomer of low e lec t rochemica l  a c t i v i t y .  

3.3 NITRITE AND SUWITE REDUCTASE SYSTEMS 

a .  In t roduc t ion  

The reduct ion  of s u l f a t e  t o  hydrogen s u l f i d e  by t h e  organism, 

Desulfo-vibr io  desu l fu r i cans ,  o r  bycre la ted  b a c t e r i a ,  has a l r eady  been 

app l i ed  t o  biochemical f u e l  c e l l s  w i t h  a good degree of success . (3) .  
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Thus, i t  i s  of sane i n t e r e s t  t o  obta in  more d e f i n i t i v e  d a t a  on t h e  r e a c t i o n s  

involved i n  t h e  r educ t ion  sequence and t h e  e f f e c t  of var ious  in te rmedia te  

r e a c t i o n s  on t h e  c e l l  output .  The p o s s i b i l i t y  of ob ta in ing  a more e f f i c -  

i e n t  e lec t rochemica l  r e a c t i o n  by i n t e r r u p t i o n  of t he  b i o l o g i c a l  r educ t ion  

a t  a n  in te rmedia te  s t a g e  i s  of i n t e r e s t .  The hydrogen s u l f i d e  produced 

i n  t h e  s u l f a t e  r educ t ion  is  reoxidized anod ica l ly  t o  s u l f u r  which i s  no t  

r e a d i l y  used i n  f u r t h e r  r e a c t i o n s .  Anodic ox ida t ion  of a n  in te rmedia te  

product might r e s u l t  i n  regenerat ion of t he  o r i g i n a l  s u b s t r a t e  ( s u l f i t e )  

which would allow a c y c l i c  process  t o  occur,  i . e .  r educ t ion  of s u l f i t e  

enzymically wi th  t h e  u t i l i z a t i o n  of organic  mater ia l  and e lec t rochemica l  

r eox ida t ion  w i t h  t h e  product ion of u s e f u l  energy. S imi l a r ly ,  some organ- 

i s m s  reduce n i t r a t e  o r  n i t r i t e  t o  ammonia which may be reoxid ized  e l e c t r o -  

chemica l ly  but  the  anodic  r e a c t i o n  r equ i r e s  such  s t r i n g e n t  condi t ions  

t h a t  t hey  are not  conducive t o  maintenance of t h e  b i o l o g i c a l  system. 

I n t e r r u p t i o n  of t h e  r e a c t i o n  a t  an in te rmedia te  state i n  such a r e a c t i o n  

might allow a c y c l i c  process ,  as above f o r  s u l f i t e ,  and a much b e t t e r  

e l ec t rochemica l  y i e l d .  

i s  oxid ized  much more r e a d i l y  under phys io log ica l  condi t ions  than  the  

f i n a l  product ,  ammonia. 

A poss ib l e  in te rmedia te  is  hydroxylamine which 

Recent ly ,  i t  has become poss ib l e  t o  prepare  r e l a t i v e l y  pure 

enzymes o r  enzyme systems f o r  t h e  reduct ion  of s u l f i t e  t o  hydrogen s u l f i d e  

o r  n i t r i t e  t o  ammonia.(4,5). Enzymes f o r  n i t r i t e  r educ t ion  have been pre- 

pared from many sources  but t h a t  from Escher i sch ia  c o l i  a l s o  reduces 

s u l f i t e  i n  t h e  same manner t h a t  i t  a t t a c k s  n i t r i t e .  It should be empha- 

s i z e d  t h a t  a s i n g l e  enzyme is  apparent ly  r e spons ib l e  f o r  r educ t ion  of 

bo th  s u l f i t e  and n i t r i t e  as w e l l  as t h e  r educ t ion  of hydroxylamine t o  

ammonia. Thus, t h e  enzyme prepara t ion  carr ies  out t h e  fo l lowing  r eac t ions :  - 
NO2 + 3NADPH2 NH3 + 3NADP 

H S 0 3  + 3NADPH2 H2S + 3NADP 

NH20H + NADPH2 +NH3 + NADP 

- 
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Although hydroxylamine i s  a l s o  reduced by the  enzyme, t h e  

evidence i n d i c a t e s  t h a t  f r e e  hydroxylamine i s  not formed dur ing  t h e  

r e a c t i o n  w i t h  n i t r i t e  and t h a t  t he  complete s ix  e l e c t r o n  exchange occurs  

once t h e  s u l f i t e  o r  n i t r i t e  becomes a t t ached  t o  t h e  enzyme without  

release of in te rmedia te  products .  The prepara t ions  from E. c o l i  a l s o  

have a cytochrome reductase  a c t i v i t y  which appears  t o  be d i r e c t l y  

a s s o c i a t e d  w i t h  t h e  enzyme respons ib le  f o r  t h e  s u l f i t e  and n i t r i t e  

reduct ion .  The phys io log ica l  func t ion  of t h e  enzyme i n  t h e  bacter ium 

appears  t o  be f o r  product ion of s u l f u r  a t  t h e  s u l f h y d r y l  level i n  a 

medium lacking i n  reduced s u l f u r  s ince  i t  i s  produced i n  response t o  a 

medium conta in ing  s u l f a t e  bu t  lacking i n  reduced s u l f u r .  

h .  Experimental  

I s o l a t i o n  of t h e  s u l f i t e - n i t r i t e  r educ ta se  of E.  c o l i  has been 

accomplished through a modi f ica t ion  of t h e  technique of Lazzar in i  and 

Atkinson.(G) Our procedure d i f f e r s  from t h a t  of t he  o r i g i n a l  au tho r s  

i n  t h e  use of l yoph i l i zed ,  dry E. c o l i  and an i n i t i a l  g r ind ing  i n  t h e  

dry s t a t e  r a t h e r  t han  d i s i n t e g r a t i o n  i n  a Hughes p re s s .  A c t i v i t i e s  and 

y i e l d s  have been q u i t e  comparable w i t h  those  i n  t h e  o r i g i n a l  l i t e r a t u r e .  

Unfor tuna te ly ,  y i e l d s  are low, even a t  b e s t ,  when t h e  requirements  f o r  

use  i n  t h e  e lec t rochemica l  c e l l  are considered.  Therefore ,  a l a r g e  amount 

of material  must be processed before  s u f f i c i e n t  h igh  a c t i v i t y  enzyme w i l l  

be a v a i l a b l e  f o r  ex tens ive  and d e f i n i t i v e  e l ec t rochemica l  s t u d i e s .  The 

p repa ra t ion  of the  s u l f i t e  reductase r e q u i r e s  t h e  growth of l a r g e  quant i -  

t i e s  of b a c t e r i a  and t h e  growth has been c a r r i e d  out  i n  an  e i g h t  l i t e r  

fermenter  which g ives  overnight  y i e lds  of about 20  g of w e t  c e l l  pas te .  

This  is  then  lyoph i l i zed  t o  g ive  about 7 g of a s t a b l e ,  d ry  c e l l  prepara-  

t i o n  which may be s t o r e d  f o r  a long per iod  u n t i l  r equ i r ed  f o r  enzyme 

p repa ra t ion .  

For enzyme i s o l a t i o n ,  5 g of dry ce l l s  were ground i n  a co ld  

mortar  and suspended i n  150 m l  0.04 of potassium phosphate bu f fe r .  

Ribonuclease,  6 mg ( c r y s t a l l i n e ,  bovine,  43.5 Kunitz units/mg) and 
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deoxyribonuclease (panc rea t i c  , 32000 Dorner units/mg) were added and t h e  

suspens ion  incubated f o r  30 minutes,  t i t r a t i n g  occas iona l ly  w i t h  1 M T r i s  

b u f f e r ,  pH 8.7 to maintain t h e  suspension at  pH 7.5. Af t e r  c e n t r i f u g i n g  

f o r  t e n  minutes a t  5000 x G t o  remove c e l l  d e b r i s ,  t he  supernatmt(145 m l )  

w a s  t r e a t e d  wi th  0.5 volumes of s a tu ra t ed  ammonium s u l f a t e .  The p rec ip i -  

t a t e  w a s  removed by c e n t r i f u g a t i o n  and t h e  enzyme p r e c i p i t a t e d  by adding 

an a d d i t i o n a l  0.5 volumes s a t u r a t e d  ammonium sulphate .  Af t e r  r ed i s so lv ing  

t h e  enzyme i n  20 m l  0.04 M y  pH 7.4 phosphate a second p r e c i p i t a t i o n  

between 0.35 and 0.5% ammonium s u l f a t e  s a t u r a t i o n  w a s  c a r r i e d  out .  This 

p r e c i p i t a t e  w a s  r ed i s so lved  i n  20 ml b u f f e r  and d i a lyzed  overnight  a g a i n s t  

e i g h t  liters of O.O05M, pH 7.4 buf fe r  conta in ing  0.001 M cys t e ine .  The 

eczyne solution w a s  t hen  ad jus t ed  t o  pH 6.0 w i t h  a c e t i c  a c i d  and t h i s  

p r e c i p i t a t e  removed p r i o r  t o  p r e c i p i t a t i o n  of t h e  enzyme by a d j u s t i n g  

t o  pH 5.0. This  f i n a l  p r e c i p i t a t e  w i l l  be  used i n  the  e lec t rochemica l  

s t u d i e s .  The f i n a l  p repa ra t ion  causes oxida t ion  of 1.7 moles of NADPH 

per  hour per  mg p r o t e i n  w i t h  a t o t a l  of about 15 mg p r o t e i n .  Ea r ly  

p repa ra t ions  of t h e  enzyme, from r e l a t i v e l y  f r e s h  powder, conta ined  a 

r a t h e r  a c t i v e  diaphorase a c t i v i t y  which i n t e r f e r e d  w i t h  t h e  d e s i r e d  

a c t i v i t y  by competing f o r  t h e  reduced coenzyme. Subsequent p repa ra t ions ,  

u s ing  aged dry c e l l s  have contained only low diaphorase  a c t i v i t i e s .  The 

f r e s h l y  prepared crude enzymes a l s o  have a s soc ia t ed  w i t h  them a n i t r i t e  

r educ ta se  which is  s p e c i f i c  f o r  nicotinamide adenine d inuc leo t ide  (NAD 

o r  DPN) r a t h e r  than  t h e  nicotinamide adenine d inuc leo t ide  phosphate 

(NADP o r  TPN) requi red  by t h e  n i t r i t e - s u l f i t e  r educ ta se .  The former 

enzyme appears  t o  be uns t ab le  t o  s to rage  and i t s  a c t i v i t y  diminishes  t o  a 

very low v a l u e  dur ing  a few weeks s to rage  a t  f r e e z i n g  temperatures  wh i l e  

t h e  a c t i v i t y  of t he  des i r ed  enzyme i s  maintained. 

c .  Discussion 

In  connect ion w i t h  the  work on t h e  s u l f  i t e - n i t r i t e  r educ ta se ,  

s t u d i e s  on the e lec t rochemica l  c h a r a c t e r i s t i c s  of s u b s t r a t e s  and i n t e r -  

mediates  are being made. The r a t e  of e l ec t rochemica l  ox ida t ion  of n i t r i t e  
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as a funct ionof  n i t r i t e  concent ra t ion  is given i n  F igure  11. Character-  

i s t i c s  of s u l f i t e  are g iven  i n  Figure 12. Oxidat ion rates, i n  both 

i n s t a n c e s ,  are low a t  reasonable  anodic p o l a r i z a t i o n .  Hydroxylamine, on 

t h e  o ther  hand, shows a very  e f f e c t i v e  anodic  r e a c t i o n .  

from a coulometr ic  y i e l d  determinat ion (Figure 13) makes i t  apparent  

t h a t  mu l t ip l e  r e a c t i o n s  exist  i n  agreement w i t h  t h e  observa t ions  of 

previous workers.(6,7) 

i n d i c a t e s  t h a t  3.75 e l e c t r o n s  have been exchanged per  molecule of 

hydroxylamine whi le  another  0.35 e l e c t r o n s  are obta ined  from the p a r t  

a f t e r  t h e  break. 

( 6 )  who found a y i e l d  of 2.7 e l e c t r o n s  and Davis (7)  who obta ined  v a r i a b l e  

r e s u l t s  of 2 .0  t o  4.6 f o r  n. 
products  were complex. 

t o  b e  n i t r o u s  oxide ( l o s t  as a gas)  and n i t r a t e  wi th  a s m a l l  amount of 

n i t r i t e  being formed. Davis assumed t h e  major product t o  be n i t r a t e .  

I n  bo th  cases t h e  p o t e n t i a l s  being used f o r  theanodic  oxida t ion  were 

equa l  t o  or  g r e a t e r  t han  1.0 v o l t s  so t h a t  ox ida t ion  of n i t r i t e  t o  

n i t r a t e  might be expected. 

t i a l s  have been used and it  seems reasonable  t o  assume t h a t  t h e  f i r s t  

p a r t  of t h e  curve r e p r e s e n t s  mainly t h e  ox ida t ion  of hydroxylamine t o  

n i t r i t e  ( four  e l e c t r o n s )  wh i l e  t he  slow oxida t ion  ev ident  l a te r  i s  t h e  

ox ida t ion  of n i t r i t e  t o  n i t r a t e .  Loss of a c e r t a i n  amount of n i t r o u s  

oxide during the  r e a c t i o n  could account f o r  t h e  f a i l u r e  t o  o b t a i n  t h e  

t h e o r e t i c a l  four  e l e c t r o n  exchange during t h e  e a r l y  p a r t  of t he  r e a c t i o n .  

Data obtained 

The f i r s t  p a r t  of the curve ,  p r i o r  t o  t h e  break,  

This  may be compared w i t h  t h e  d a t a  of Lingane and Jones 

Both of t hese  au tho r s  concluded t h a t  t h e  

I n  t h e  former in s t ance ,  t h e  major product appeared 

I n  t h e  present  experiments,  much lower poten- 

3.4 FERRIDOXIN SYSTEMS 

Ferr idoxin  i s  a r e c e n t l y  discovered enzyme o r  coenzyrne.(8) It 

i s  a log  molecular weight p r o t e i n  (12,000) conta in ing  about t e n  atoms of 

i r o n  p e r  molecule. 

s y n t h e s i s  (9,lO) and i n  b a c t e r i a l  r eac t ions  involving hydrogenase.(8,11) 

It may be i s o l a t e d  from p l a n t s  (10) o r ,  more convenient ly  and i n  l a r g e r  

It acts as a b i o l o g i c a l  e l e c t r o n  c a r r i e r  i n  photo- 
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y i e l d s  , from o b l i g a t e l y  anaerobic b a c t e r i a ,  p a r t i c u l a r l y  t h e  n i t r o g e n  

f i x i n g  C l o s t r i d i a ( 1 ) .  It i s  unique i n  having the h ighes t  e l e c t r o n e g a t i v i t y  

of any b i o l o g i c a l  e l e c t r o n  c a r r i e r  s o  f a r  discovered,  w i t h  Eo about -415 

t o  -430 mv a t  pH 7. Thus, i t  could be a promising candida te  as a 

b i o l o g i c a l  in te rmediary  i n  a d i r e c t  enzyme r e a c t i o n  w i t h  an e l e c t r o d e .  

1 

Severa l  a t tempts  have been made t o  prepare  adequate q u a n t i t i e s  

of f e r r i d o x i n  from sp inach  leaves f o r  t e s t i n g  i n  e lec t rochemica l  app l i ca -  

t i o n s .  In  these  experiments i t  was necessary t o  fo l low t h e  r a t h e r  

incomplete d e s c r i p t i o n  of i so l a t i cng iven  by Tagawa and Arnon (10) and 

t h e  p repa ra t ions  have not  been eminently success fu l .  Fe r r idox in  has not  

been obta ined  i n  reasonably pure form nor i n  s u f f i c i e n t  q u a n t i t i e s  f o r  

t e s t i n g  i n  t h e  e lec t rochemica l  c e l l .  Fu r the r  e f f o r t s  on f e r r i d o x i n  have 

been postponed pending r e c e i p t  of a c u l t u r e  of Clos t r id ium pasteurianum, 

a much r i c h e r  source  of f e r r idox in .  

Once obta ined ,  it i s  proposed t h a t  reduced f e r r i d o x i n  by pre-  

pared by a photosynthe t ic  r e a c t i o n  wi th  c h l o r o p l a s t s  and t e s t e d  i n  t h e  

e l ec t rochemica l  c e l l  f o r  a d i r e c t  r e a c t i o n  w i t h  t h e  e l e c t r o d e .  

3 . 5  ELECTROCHEMICAL A C T I V I T Y  OF INTACT ORGANISMS 

a.  In t roduc t ion  

I n  p repa ra t ion  f c r  e l ec t rode  at tachment  s t u d i e s ,  va r ious  

b a c t e r i a  have been grown and t e s t e d  f o r  e l ec t rochemica l  a c t i v i t y  i n  f r e e  

s o l u t i o n .  A d d i t i m a l l y  ra t  l i v e r  mitochondria w e r e  r e t e s t e d  t o  c m f i r m  

ear l ier  tes ts  which ind ica t ed  t o t a l  l ack  of c u r r e n t  product ion i n  absence 

of low molecular weight e l e c t r o n  c a r r i e r s .  

b. Mitochondria 

R a t  l i v e r  mitochondria  were prepared as p rev ious ly  (see f i r s t  

q u a r t e r l y  r e p o r t )  and t e s t e d  f o r  e lec t rochemica l  a c t i v i t y  using 0.045 

s u c c i n a t e  as s u b s t r a t e .  E i t h e r  a lone,  or  i n  presence of cytochrome C 

as carr ier  , no s i g n i f i c a n t  cu r ren t  w a s  a v a i l a b l e .  Background c u r r e n t  

w a s  i n i t i a l l y  10 t o  15 amp (0 .4 v SCE) and t h e  

M 
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mitochondria  a lone ,  as w e l l  as wi th  cytochrome C y  gave 5 t o  13 vamp. 

Addition of potassium f e r r i c y a n i d e  (0.005M) gave r ise t o  a c u r r e n t  of 
z 120 pamp/cm which w a s  l imi t ed  by f e r r i cyan ide .  Doubling t h e  f e r r i c y a n i d e  

r e s u l t e d  i n  180 vamp/cm c u r r e n t .  

ob ta ined  previously.  It must be concluded t h a t  cytochrome C a t  concen- 

t r a t i o n s  used, i s  no t  a h igh ly  e f f i c i e n t  carrier. However, it must be 

emphasized t h a t  t h e  concen t r a t ion  used, 0.4 mg/ml, amounts t o  approxi- 

mately 6x10 M which compares wi th  5x10 

2 These r e s u l t s  w e r e  comparable w i t h  those  

-7 -3 M used f o r  f e r r i c y a n i d e .  

c .  Bac i l l u s  s u b t i l i s  

C e l l  suspensions of  up t o  12x10’ c e l l s / m l  produced an ae rob ic  

cu r ren t  which decreased from an i n i t i a l  28 p m p  t o  5 clamp (0.4 v SCE) a t  

the end of t e n  minutes.  Addition of glucose t o  the  suspension d i d  n o t  

improve output .  The decreas ing  i n i t i a l  c u r r e n t  probably i n d i c a t e s  t h a t  

a minor cantponent of the o r i g i n a l  suspension,  r a t h e r  than  t h e  b a c t e r i a l  

a c t i v i t y ,  i s  r e spons ib l e  f o r  t he  cur ren t  found. 

d. Pro teus  v u l g a r i s  

This  bacter ium is of i n t e r e s t  s i n c e  i t  forms coa t ings  r e a d i l y  

on m e t a l  su r f aces .  

s t eady  s ta te  c u r r e n t s  of only 3 t o  5 vamp/cm2 (0.4 v SCE) even w i t h  

g lucose  and/or  n i t r a t e  o r  urea  as s u b s t r a t e s .  

However, c e l l  suspensions of 8x10’ ce l l s /ml  gave 

3.6 DESIGN AND FABRICATION OF AN ISOLATED ELECTRODE COMPARTMENT MICRO- 
ELECTROCHEMICAL CELL 

A c e l l  has been designed and b u i l t  accord ing  t o  the  configura-  

t i o n  ind ica t ed  i n  F igure  14. The o b j e c t i v e  of using t h i s  type  of c e l l  is  

t o  be a b l e  t o  have h igh ly  concent ra ted  enzyme i n  t h e  v i c i n i t y  of the 

e l e c t r o d e  without  need f o r  use of l a r g e  q u a n t i t i e s  of enzyme and t o  provide 

a model system f o r  s tudy of systems analogous t o  enzymes o r  organisms 

a t t ached  d i r e c t l y  t o  t h e  e l ec t rode .  The des ign  a l s o  provides  a compact 

arrangement which should allow normal e lec t rochemica l  r e a c t i o n s  t o  be 

c a r r i e d  out i n  much smaller volumes than must normally be used (5 t o  6 

m l  t o t a l  volume) w i t h  consequent savings on scarce material .  
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The p resen t  c e l l  has  been f a b r i c a t e d  from nylon s h e e t ,  us ing  

s i l i c o n e  rubber  gaske ts .  The v i b r a t o r  motor f o r  the  electrode and f o r  

t h e  main compartment s t irrer i s  a modified e l e c t r i c  r a z o r  (Ronson) w i t h  

v i b r a t i m a l  amplitude c o n t r o l l e d  by a v a r i a b l e  t r a n s f o m e k .  

Prel iminary tests are being c a r r i e d  out  upon t h e  use  of tk 

new c e l l  w i t h  normal systems p r i o r  t o  use wi th  a membrane sepa ra to r  f o r  

t h e  e l e c t r o d e  compartment. I n i t i a l l y ,  a h igh  background c u r r e n t  has  been 

obta ined  i n  t h e  new c e l l ,  even wi th  b u f f e r  a lone and means are being 

sough t  t o  reduce t h i s  background l eve l  t o  a normal minimum. The source 

of cu r ren t  may be material adsorbed on t h e  nylon material  used i n  the  

b ody . 
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SECTION 4 

USE OF MODEL MOLECULAR SYSTEMS I N  THE STUDY OF THE 
REACTION OF BIOLOGICAL MACROMOLECULES AT ELECTRODES 

The purpose of the micro c e l l  descr ibed  i n  Sec t ion  3.6 i s  t o  

provide optimum condi t ions  under which t o  examine t h e  ex i s t ence  of a 

d i r e c t  r e a c t i o n  between the e l ec t rode  and reduced enzyme. This  c e l l  

p rovides  a reg ion ,  i n  c l o s e  proximity t o  t h e  e l e c t r o d e  s u r f a c e s ,  wherein 

the  enzyme concent ra t ion  may be increased  t o  a l e v e l  commensurate w i t h  

molar concent ra t ions  used i n  normal e lec t rochemica l  r e a c t i o n s .  I n  a 

d i f f u s i o n  c o n t r o l l e d  process  involving an enzyme as t h e  d i f f u s i n g  s p e c i e s ,  

one would expect s teady  s ta te  c u r r e n t s  of a much lower magnitude than  

f o r  a smaller molecule a t  a s imi l a r  molar concentrat ion,due t o  t h e  

d i f f e r e n c e  i n  d i f f u s i v i t y .  It follows t h a t  even where no k i n e t i c  compli- 

c a t i o n s  e x i s t ,  c u r r e n t s  of de t ec t ab le  magnitude cannot be expected from 

a p ro te in -e l ec t rode  i n t e r a c t i o n  unless  tl-e enzyme concent ra t ion  i n  t h e  

immediate environs of t he  e l ec t rode  i s  of t he  o rde r  of 10 t o  loe3 M. 

For DAO, 115 mg/ml would provide a concen t r a t ion  of 10 M. I f  contam- 

i n a t e d  w i t h  o ther  i n a c t i v e  p ro te in ,  correspondingly g r e a t e r  q u a n t i t i e s  

of p repa ra t ion  would be requi red .  

are exceedingly expensive and d i f f i c u l t  t o  ob ta in .  The i s o l a t e d  

e l e c t r o d e  c e l l  has been developed t o  provide a means f o r  u s ing  very  s m a l l  

volumes (0.25 m l )  of concent ra ted  enzyme s o l u t i o n  o r  suspension i n  t h e  

neighborhood of the e l ec t rode  while  providing an adequate source of sub- 

s t r a t e  i n  the  membrane-separated main compartment. 

-4 

-3  

Since such q u a n t i t i e s  of pure enzyme 
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The ques t ion ,  however, is not  on ly  t h a t  of adequate concentra-  

t i o n .  S t e r i c  and o r i e n t a t i o n  e f f e c t s  of t h e  l a r g e  p r o t e i n  molecule may 

p lay  a very  l a r g e  r o l e  i n  the  cur ren t  ca r ry ing  c a p a b i l i t i e s  of a redox 

enzyme. Other avenues must be explored i n  order  t o  test whether such 

f a c t o r s ,  r a t h e r  than  d i f f u s i o n ,  may be c o n t r o l l i n g .  One p o s s i b i l i t y  i s  

t h e  use of s y n t h e t i c  models f o r  redox enzymes. Such models would con- 

sist  of molecules of vary ing  dimensions conta in ing  spec i f  i c a l l y  a t t ached  

redox groups of known c h a r a c t e r i s t i c s .  Through chemical o r  e l e c t r o -  

chemical  r educ t ion  and subsequent ox ida t ion  i n  t h e  e lec t rochemica l  c e l l ,  

i t  would be poss ib l e  t o  determine how inc reases  i n  molecular s i z e  and 

type of ma t r ix  molecule would a f f e c t  t h e  behavior of the redox group. 

Redox polymers, such as those prepared from dihydroxybenzene 

(12) o r  t h e  p o l y t h i o l  s ty renes  (13) might be used as enzyme models but 

t hese  polymers as presen t ly  a v a i l a b l e  s u f f e r  from disadvantages of low 

aqueous s o l u b i l i t y ,  l ack  of uniformity of cha in  length  and an  excess ive  

number of redox groups pe r  macromolecule i n  comparison w i t h  t h e  enzyme 

system. A b e t t e r  approach t o  a model enzyme system might be obtained 

from t h e  s p e c i f i c  coupl ing of a redox dye t o  a pep t ide  o r  p r o t e i n  t o  

form a redox group analogous t o  t h a t  of the  p r o s t h e t i c  group of the  

enzyme. Such coupl ing may be c a r r i e d  out  through use of techniques 

s i m i l a r  t c  those  of Landsteiner  (14) f o r  t h e  inco rpora t ion  of hapten 

groups i n t o  p r o t e i n  an t igens .  The diazonium s a l t  of a redox dye (e .g . ,  

t o luy lene  b l u e ,  which conta ins  primary amine groups not  r equ i r ed  f o r  

the  r e v e r s i b l e  oxida t ion)  may be coupled wi th  t h e  t y r o s i n e  o r  h i s t i d i n e  

r e s idues  i n  pep t ides  and p r o t e i n s  of vary ing  dimensions and cha in  lengths .  

S imi l a r ly ,  i t  may be poss ib l e  t h a t  phenol ic  redox dyes could  be coupled 

through t h e  r eve r se  procedure of d i a z o t i z a t i o n  of an aromatic  amine 

group a t t ached  t o  the  p ro te in .  Coupling of o ther  redox dyes could a l s o  

be accomplished through mild e s t e r i f i c a t i o n  procedures.  
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It i s  p r e s e n t l y  planned t o  prepare  several such d e r i v a t i v e s  f o r  

e lec t rochemica l  tests. 

of t o luy lene  b lue  (E 

t a i n i n g  ty ros ine  (tyrosyl-glycyl-glycine); a n a t u r a l l y  occurr iqg  s m a l l  

pep t ide  (e.g. t y r o c i d i n ,  an a n t i b i o t i c ,  decapept ide conta in ing  one t y r o s i n e  

r e s i d u e ) ;  a s m a l l  p r o t e i n  (e .g . ,  l i m a  bean t r y p s i n  i n h i b i t o r  o r  r i bo -  

nuc lease ,  m.w. 12,000 and 17,000, r e s p e c t i v e l y ) ;  and a medium s i z e  p r o t e i n  

(hemoglobin, t3-lactoglobulin,  ovalbumin o r  serum albumin). The va r ious  

d e r i v a t i e s  should be t e s t e d  f o r  chemical r e a c t i v i t y  w i t h  mild oxidants  

and r educ tan t s  t o  determine equivalent  ox ida t ion  numbers. Electrochemical  

a c t i v i t y  w i l l  be determined a f t e r  a chemical r educ t ion  and s e p a r a t i o n  of 

t h e  chemical agents  from the  reduced model. 

c o r r e l a t e  rates of e lec t rochemica l  ox ida t ion  w i t h  t h e  s i z e  of the  matrix 

molecule,  d i f f u s i o n  rates,  shape, s ter ic  and o r i e n t a t i o n  f a c t o r s  i n  t h e  

va r ious  models. 

F i r s t  e f f o r t s  w i l l  be  d i r e c t e d  toward t h e  coupl ing 

0.601, Em7 0.115) wi th  t y r o s i n e ;  a t r i p e p t i d e  con- 
0 

Attempts w i l l  be  made t o  
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SECTION 5 

l 8  I 

iI 
1 
I 
II 
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u 
I 
I 
I 
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THEORETICAL CONSIDERATIONS RELATING TO THE DIRECT 
OXIDATION-REDUCTION OF BIOLOGICAL MACROMOLECULES AT EZECTRODES 

Any e lec t rochemica l  r e a c t i o n  can be r ep resen ted  i n  t e r m s  of 

s ix  gene ra l  s t e p s ,  as fol lows:  

1. Di f fus ion  of r e a c t a n t s  t o  t h e  s u r f a c e  

2 .  Adsorption of r e a c t a n t s  on to  s u r f a c e  

3 .  React ion i n  adsorbed phase 

4 .  Elec t ron  t r a n s f e r  between one o r  more adsorbed 
spec ie s  and t h e  e l ec t rode  

5. Desorption of products 

6 .  Diffus ion  of products away from e l e c t r o d e  

K i n e t i c  behavior i s  determined by the  r e l a t i v e  rates of t hese  d i f f e r e n t  

s t e p s .  Simplest  behavior i s  observed when one i s  much slower than  a l l  

of t h e  rest .  I n  sane ins t ances  one o r  more of t h e  s i x  s t e p s  may no t  be 

p e r t i n e n t  . 
Since t h e  s t e p s  of t h e  scheme t a k e  p lace  i n  sequence, i f  a 

maximum ra te  f o r  any one i s  known, it d e f i n e s  a maximum ra te  for t h e  

system. The o t h e r  s t e p s  could l e a d  t o  lower o v e r a l l  rates, but  never to 

higher  ones. However, a t  any given e l e c t r o d e ,  two o r  more such r e a c t i o n  

schemes may ope ra t e  s imultaneously and i n  such cases t h e  t o t a l  rate w i l l  

be  r ep resen ted  by t h e  sum of the  ind iv idua l  rates.  I f  one rate i s  much 

f a s t e r  than t h e  o t h e r s ,  i t  can be  sa id  t h a t  t h e  maximum rate a t  t h e  

L 
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e l e c t r o d e  i s  def ined  by t h e  slowest s t e p  i n  t h e  f a s t e s t  scheme. 

I n  s tudying the electrochemical  behavior of enzyme systems, i t  

would be of cons iderable  i n t e r e s t  i f  m a x i m u m  rates could be ass igned  and 

t h i s  can  be done by a s s ign ing  a maximum rate  t o  one o r  more s t e p s  i n  each 

of t h e  p o s s i b l e  r e a c t i o n  schemes. 

t h e r e b y  is  t o o  low t o  be of p r a c t i c a l  s i g n i f i c a n c e ,  f u r t h e r  cons ide ra t ion  

of t he  d i r e c t  p a r t i c i p a t i o n  i n  e l ec t rode  r e a c t i o n s  by enzyme molecules 

could  be  abandoned. A l t e rna t ive ly  such cons ide ra t ions  could shed some 

l i g h t  on t h e  cond i t ions  (such as concent ra t ion)  which would have t o  be 

a t t a i n e d  i n  order  f o r  the e lec t rochemica l  r e a c t i o n  of enzyme molecules 

t o  b e  of s i g n i f i c a n c e .  

I f  t h e  m a x i m u m  o v e r a l l  ra te ,  def ined  

I n  the  present  instafice, two poaslb’ls r e a c t i o n  schemes may be 

pos tu l a t ed  f o r  t h e  purposes of such a t rea tment .  I n  t h e  f i r s t  t h e  enzyme 

e i t h e r  d i f f u s e s  t o  and is permanently adsorbed onto t h e  e l e c t r o d e ,  o r  i s  

i n t e n t i o n a l l y  coated onto t h e  e l ec t rode  i n  a s e p a r a t e  process .  The 

adsorbed enzyme then  reacts w i t h  s u b s t r a t e  which d i f f u s e s  i n  from t h e  

s o l u t i o n ,  t o  form reduced enzyme, subsequent ly  being regenera ted  by 

e l e c t r o n  t r a n s f e r  t o  the  e l ec t rode ,  w h i l e  t h e  s u b s t r a t e  ox ida t i cn  products  

u i f f u s e  away. I n  scheme two, t h e  enzyme is  reduced by r e a c t i o n  w i t h  t h e  

s u b s t r a t e  i n  t h e  bulk  of s o l u t i o n ,  the  reduced enzyme then d i f f u s e s  t o  t h e  

e l e c t r o d e ,  is adsorbed, reoxid ized  by e l e c t r o n  t r a n s f e r  t o  t h e  e l e c t r o d e ,  

desorbed as unreduced enzyme and f i n a l l y  d i f f u s e s  away. Both schemes 

can  b e  represented  by t h e  series of s t e p s  1 t o  6 .  

T h e o r e t i c a l l y  these  two schemes could proceed independent ly .  

However, i f  t h e  e l e c t r o d e  s u r f a c e  is covered t o  a l a r g e  e x t e n t  by an 

adsorbed layer  of enzyme, as requi red  by scheme. one, i t  would t end  t o  

r e t a r d  scheme two by prevent ing access t o  the  s u r f a c e  by reduced enzyme 

from t h e  so lu t ion .  On the  o t h e r  hand i f  no adsorbed enzyme l a y e r  is  

p r e s e n t ,  scheme one cannot occur ,  and only t h e  second i s  poss ib l e .  A t  

in te rmedia te  cond i t ions ,  both would proceed a t  reduced rates and it  i s  

t h e r e f o r e  reasonable  t o  p o s t u l a t e  maximum rates as those  obta ined  when 

one scheme a p p l i e s  t o  the  exclusion of t h e  o the r .  

-35- 



P r e d i c t i o n  of maximum r a t e s  f o r  some of the  p e r t i n e n t  s t e p s  of 

t h e s e  two r e a c t i o n  schemes i s  poss ib le .  For t h e  f i rs t  scheme, s t e p  3 

i s  a promising po in t  of a t t a c k ,  and r e q u i r e s  only t h e  assumption t h a t  

t h e  enzyme a c t i v i t y  i s  t h e  same i n  t h e  adsorbed phase as i n  t h e  bulk  of 

t h e  so lu t ion .  For the  second scheme, t h e  rate of s t e p  1, i.e. t h e  

d i f f u s i o n  rate of reduced enzyme from t h e  s o l u t i o n  t o  the  e l e c t r o d e  

s u r f  ace i s  amenable t o  approximation. 

Ca lcu la t ion  of t h e  m a x i m u m  ra te  f o r  s t e p  3 of the  f i r s t  scheme 

i s  as fo l lows .  

Assume an enzyme molecule of dimensions corresponding t o  a 

molecular weight of 100,000 t o  115,000, of c y l i n d r i c a l  conf igura t ion .  

The d iameter ,  d ,  i o r  a molecule of t h i s  n a t u r e  would be  i n  the  range of 

60 t o  80 2 depending upon t h e  length of t h e  c y l i n d e r .  Taking t h e  lower 

diameter  and assuming a c l o s e  packing of t h e  adsorbed enzyme on the  

e l e c t r o d e  su r face  w i t h  one end of the  c y l i n d e r  adsorbed t o  t h e  e l e c t r o d e  

and t h e  p r o s t h e t i c  group a t  the  exposed f a c e ,  t h e  number of molecules 

adsorbed on u n i t  area of t h e  e l ec t rode  is simply l / d  and moles of 

enzyme i s  

2 

1 

23 N =  
d2(6.02x10 ) 

F u r t h e r ,  assume t h a t  t h e  o v e r a l l  r a t e  of t h e  complete r e a c t i o n  (enzyme 

reduc t ion  by s u b s t r a t e  and oxidat ion by t h e  e l e c t r o d e )  i s s i m i l a r  t o  t h a t  

occur r ing  a t  maximal condi t ions  i n  f r e e  s o l u t i o n .  The magnitude of t h e  

e l e c t r i c  cu r ren t  then  becomes: 

I = nNTF 

where I = cur ren t  i n  coulomb sec ; N = number of moles of enzyme per  

u n i t  su r f ace ;  F = 96,500 coulombs; T = tu rnover  number of t h e  enzyme 

i n  moles pe r  mole per  second, and n = number of e l e c t r o n s  per  mole. 

-1 

0 For D-amino a c i d  oxidase,  T = 10 a t  25 when s a t u r a t e d  wi th  

oxygen and s u b s t r a t e .  Therefore ,  f o r  a n  enzyme s i m i l a r  t o  DAO 
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10x96 , 500 2 
= 5.8 w p / c m  23 I =  

(60 x x 6.02 x 10 

Higher temperatures ,  higher turnover  numbers o r  smaller enzyme 

molecules would i n c r e a s e  t h e s e  outputs .  In  p a r t i c u l a r ,  t h e r e  is  a poss i -  

b i l i t y  t h a t  h igher  turnover  numbers should be used f o r  adsorbed enzyme 

than  f o r  enzyme i n  s o l u t i o n  due t o  e f f e c t s  of o r i e n t a t i o n  of t h e  enzyme 

a t  t h e  s u r f a c e .  Also,  t he  t a c i t  assumption used i n  t h e  c a l c u l a t i o n  

t h a t  e l e c t r o n  t r a n s f e r  is p o s s i b l e  only from a s i n g l e  l aye r  of enzyme 

on t h e  s u r f a c e  may not  be v a l i d  s ince  mechanisms may e x i s t  by which 

e l e c t r o n  t r a n s f e r  through mul t i l aye r s  of b i o l o g i c a l  material i s  poss ib l e .  

However, t h e s e  p o i n t s  are p resen t ly  undetermined. It is thus  p o s s i b l e  

merely t o  conclude t h a t  i f  t h e  f i r s t  r e a c t i o n  scheme descr ibed  above 

c o r r e c t l y  r e p r e s e n t s  t h e  r e a c t i o n  of enzymes a t  an  e l e c t r o d e ,  and i f  

t h e  assumptions used i n  t h e  es t imate  are v a l i d  then  ob ta inab le  c u r r e n t s  

are not  l i k e l y  t o  exceed t h e  order  of 5 pamp/cm . 2 

A maximum ra t e  has n o t  been c a l c u l a t e d  f o r  t h e  case  of r e a c t i o n  

scheme 2 ,  s i n c e  t h e  needed information on d i f f u s i v i t y  of enzyme molecules 

has  not  become a v a i l a b l e .  This  problem w i l l  be  t r e a t e d  i n  f u t u r e  work. 

It i s  p o s s i b l e  t h a t  h igher  cu r ren t s  can be  obta ined  on t h e  b a s i s  of t h e  

second scheme. However, one t e n t a t i v e  conclus ion  d e r i v a b l e  from t h e  

foregoing  cons ide ra t ions  i s  t h a t  in  exper imenta l ly  looking f o r  such 

c u r r e n t s  i t  w i l l  be necessary t o  examine enzyme systems which do not  

become permanently adsorbed on the  e l e c t r o d e  su r face .  
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SECTION 6 

OUTLINE OF WORK FOR REMAINING QUARTER 

1. Assembly of t h e  mic ro -ce l l  and e l i m i n a t i o n  of o p e r a t i o n a l  problems 

w i l l  be  completed. Performance w i l l  be  t e s t e d  by means of observa t ions  on 

r e f e r e n c e  materials. 

b i o l o g i c a l  systems and under condi t ion  f o r  which d a t a  have been obta ined  

i n  prev ious  work us ing  the  o ld  cells. The d a t a  w i l l  be  compared and 

used t o  e v a l u a t e  t h e  performance of t h e  micro-ce l l .  

A few comparison s t u d i e s  w i l l  b e  c a r r i e d  out  on 

2 .  D-amino a c i d  oxidase w i l l  be  t e s t e d  i n  t h e  mic ro -ce l l  a t  enzyme 
-4 concen t r a t ions  i n  the range of 10 t o  M f o r  a b i l i t y  t o  produce a 

c u r r e n t  by d i r e c t  r e a c t i o n  between the  reduced enzyme and t h e  e l e c t r o d e .  

I f  a c t i v i t y  i s  obta ined ,  chronopotent iometr ic  techniques w i l l  b e  app l i ed  

t o  a s tudy  of t h e  na tu re  of the r e a c t i o n  process .  

3 .  The s u l f i t e - n i t r i t e  reductase  system w i l l  be  sub jec t ed  t o  f u r t h e r  

s tudy  f o r  p o s s i b l e  e lec t rochemica l  a c t i v i t y  i n  excess of t h a t  which 

might be expected through s imple product ion of hydrogen s u l f i d e  o r  

ammonia. Maintenance of a continuous r e a c t i o n  i n  t h i s  system r e q u i r e s  

some means f o r  r e - r educ t ion  of t h e  co-enzyme a f t e r  i t s  ox ida t ion  by the  

NO- or SO,. 

second enzyme-substrate system ( s p e c i f i c a l l y  glucose-6-phosphate 

- 
It i s  proposed t o  provide such means i n  t h e  form of a 2 
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dehydrogenase and glucose-6-phosphate). 

t he  p o s s i b i l i t y  of spur ious  r e s u l t s  due t o  t h e  presence of t h i s  second 

system. 

It w i l l  be  necessary  t o  examine 

4. Studies  w i l l  be  continued on model macromolecules f o r  s imula t ing  

t h e  e l ec t rochemica l  behavior  of enzyme systems. Emphasis w i l l  be  on: 

(a) the  f e a s i b i l i t y  of d iazo  coupling between to luy lene  b lue  and 

t y r o s i n e  o r  t y r o c i d i n ,  

(b)  t h e  e f f e c t  of t h e  coupling on redox c h a r a c t e r i s t i c s  of the 

coupled dye. 

5. S tudies  w i i l  be  continued on t h e  m a x i m u m  rate f o r  d i r e c t  ox ida t ion  

of enzyme molecules a t  an e l ec t rode .  Emphasis w i l l  be  on such rates 

based on t h e  d i f f u s i v i t y  of enzyme molecule through a s o l u t i o n  ( s t e p s  

1 and 6 ,  Sec t ion  4).  
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